The present article is concerned with modelling of heat transfer through a plasterboard panel exposed to fire. Two commercial plasterboard materials are tested for three nominal fire scenarios in a certified furnace, and the obtained temperature measurements are used to test and to validate a numerical model of plasterboard developed recently by Shepel et al. with the ultimate goal of exposing the model to a wider range of fire conditions. Overall, the agreement between the obtained numerical predictions and experimental data is found to be good. Some discrepancies observed at the early and late stages of the dehydration reaction are shown to be caused by the high local heating rate of the material during those stages.
Introduction
Plasterboard panels are produced by pressing a gypsum plaster between paper sheets or fibreglass mats. Owing to the good mechanical properties, high fire resistance and relatively low cost of production, plasterboard has become a popular construction material used mainly for lightweight wall structures. The main reason for the high resistance of fire spreading through plasterboards is the dehydration phenomenon: a chemical endothermic reaction occurring in the temperature range '90°C-250°C, whereby the chemically bounded water contained in the gypsum crystal structure is released as vapour. 1, 2 The vapour is then driven by pressure and concentration gradients through the pore network to the plasterboard surfaces where it is expelled into the surroundings. As the dehydration reaction consumes a large amount of heat, the heat transfer from the fire-exposed surface of plasterboard to the unexposed 'cold' surface is strongly retarded during the initial stage of fire, causing a considerable delay in the temperature rise on the cold side of plasterboard. This extends accordingly the time available for the evacuation of buildings. Therefore, investigation of the dehydration phenomenon and its effects on the heat transfer is of high importance for fire safety engineering.
In our recent study, 3 a new numerical model of heat and mass transfer in dehydrating plasterboard was proposed, in which the presence of air inside plasterboard pores was neglected. This simplification is justifiable, because in the case of monotonic temperature growth on the fire-exposed side of a plasterboard panel, which is a typical fire scenario, no air flows into the material from the surroundings, and furthermore the initial content of air in the plasterboard constitutes less than 1% of the total amount of vapour generated by dehydration. It should be mentioned that the approach based on the idea of excluding air out of modelling has been used before. 4 Our contribution in the study 3 consisted of further development of the model by providing it with condensation capabilities. The model was validated using temperature measurement data for two plasterboard materials tested in the standard fire resistance test ISO-834. 5 It was demonstrated in the study 3 that the convective flow of vapour generated by dehydration plays an important role in the heat transfer. The presence of paper liner on plasterboard surfaces was found to affect somewhat the distribution of vapour fluxes between the hot and cold sides; however, the effect of paper on the heat transfer was found to be negligible. The amount of condensate accumulating in pores during the fire was found to be low and its effect on the heat transfer negligible. Alternative approaches to modelling the vapour convection have been presented in the previous studies. [6] [7] [8] As it is possible to develop engineering correlations describing the temperature rise on the cold side of plasterboard exposed to fire, one might tend to assume that there is no need for mathematical modelling. However, such correlations are applicable only to those fire scenarios and those materials, for which they have been validated. Any changes in the flame temperature or plasterboard properties raise concerns about the accuracy of predictions obtained using those correlations, and the cost of fire tests is high. For this reason, this study is aimed at applying the model developed recently by Shepel et al. 3 to new fire scenarios and new plasterboard materials, in order to carry out additional assessment of the model by exposing it to a wider range of fire conditions. To achieve this goal, two commercial plasterboard materials, different from those used in the study by Shepel et al., 3 are selected for the present investigation. The plasterboards, one of which is covered with paper liner and the other with fibreglass mats, are characterised using thermogravimetric analysis (TGA), permeability and thermal conductivity measurements and then several specimens are tested in fire using three nominal heating curves: the standard ISO-834 curve, 9 the hydrocarbon curve 10 and the external fire exposure curve. 10 The standard ISO-834 was used for validation purposes by Shepel et al. 3 ; nevertheless, it is also used in this study for reference purposes. Readings of the thermocouples installed inside and on the cold side of the tested plasterboard panels are compared with the predictions of the model. A critical analysis of the results is given in the following section.
Plasterboard model
Two types of plasterboard of the same thickness (12 mm) are produced industrially 11 according to the European standard EN 520 12 and have similar chemical compositions. One material (hereafter referred to as plasterboard 1) is covered with paper liner on both sides, and the other (referred to as plasterboard 2) is covered with fibreglass mats. The fire-exposed surface of plasterboard is referred to as the fire side, and the unexposed surface is referred to as the cold side. The subscripts D and DC denote dehydration and decarbonation, whereas the subscripts w and v denote water and water vapour. The superscripts BD, AD and ADC denote before dehydration, after dehydration and after decarbonation, respectively.
The main component of the plasterboard core is gypsum, calcium sulphate dihydrate CaSO 4 Á 2H 2 O. The gypsum content in the two plasterboard materials studied herein constitutes approximately 83% (by mass). Under monotonic heating in air in the temperature range 90°C-250°C, 1,2,13 gypsum undergoes a two-step dehydration reaction
the final products of which are calcium sulphate anhydrite, CaSO 4 and water vapour. Calcium carbonate CaCO 3 constituting 11.6% of the core of the two plasterboards experiences endothermic decomposition, the so-called decarbonation reaction
in the temperature range of 700°C-800°C. The amounts of gypsum and calcium carbonate present in the two materials have been established using TGA. 13 To evaluate the influence of air contained initially in plasterboard pores on the heat and mass transfer during dehydration, it is sufficient to compare the mass of the air to the mass of generated vapour. Before dehydration, the mass of air contained in a piece of plasterboard of volume V is equal to f BD m r a V , where f m is the material porosity and r a is the air density. The mass of vapour is equal to Dr m V , where Dr m = r BD m À r AD m is the decrease in plasterboard density caused by dehydration. Hence, the ratio of the mass of air to that of vapour is given by f BD m r a =Dr m . For typical values of f BD m = 0:65 and Dr m = 150 kg=m 3 , 3,13 this ratio is equal to 0.005. Consequently, the effects of air on the convective heat transfer in dehydrating plasterboard are rather small and can be neglected. As the values of thermal conductivity, specific heat and density of air and vapour are of the same order, we model the plasterboard assuming that its pores are from the beginning filled with water vapour only (this approach requires naturally some modification of the vapour saturation curve). Leaving air out of consideration reduces the number of equations by one, but more important, this approach simplifies the formulation of boundary condition for the mass transfer at plasterboard surfaces, which in this case is simply the Dirichlet condition: p v = p A , where p v is the vapour pressure and p A is the atmospheric pressure.
The main difficulty resulting from adding air into analysis is the necessity of imposing a boundary condition on the partial pressure of vapour or its gradient at the external plasterboard surfaces. This is not a trivial task, since the standard approach of handling such problems employs the convective boundary condition with the corresponding mass transfer coefficient. However, the latter is not well defined for a dehydrating plasterboard expelling vapour into the surroundings, and it is not clear at all if the convective boundary condition is appropriate for the problem under study. There are a number of available empirical correlations for the mass transfer coefficient, 14 but these correlations are normally obtained for relatively impermeable surfaces. The use of convective boundary conditions can be justified, for instance, for simulation of dehydration in concrete, 15 as convection of gases in concrete is very slow owing to the low permeability of this material. In contrast, the permeability of plasterboard is one order of magnitude higher than that of concrete, 3 and the vapour flowing out of plasterboard through the pores on the surface hardly experiences any resistance from the developing concentration boundary layer. Nevertheless, some researchers use the convective boundary condition for modelling the dehydration in plasterboard. 6 Material properties Table 1 shows some thermophysical properties of the two materials before and after dehydration. The porosity values have been obtained using the mercury intrusion porosimetry procedure. The plasterboard permeabilities have been measured using the falling head permeameter (for details see Ref. 3 ).
Rates of the reactions (1a) and (1b) reach their maxima at different but close temperatures, the values of which depend on the applied heating rate 16, 17 and the local partial pressure of vapour. 18 Unfortunately, there are no available correlations describing the combined effects of the heating rate and partial pressure of vapour; although, the dependence of dehydration temperature range on the heating rate alone has been addressed. 17 A simplistic approach is employed here assuming that the dehydration reaction starts at certain temperature T D1 , and it is complete at temperature T D2 , with the maximum production of vapour being reached at the intermediate temperature T D = (T D1 + T D2 )=2. Accordingly, all numerical simulations are carried out in this study assuming constant values of T D1 and T D2 ; however, some possible effects of the heating rate on the value of T D and correspondingly on the numerical solution are addressed and discussed. One possible alternative approach would be to approximate the rate of dehydration reaction using the Arrhenius model 4 ; however, this approach requires introduction of additional assumptions concerning the kinetics of the dehydration reaction (activation energy, the rate constant). The dependence of plasterboard density r m on local temperature is approximated as follows:
where H DT (j) is the smoothed Heaviside function:
Here, j = T À T D and DT = DT D in the second term of equation (3) (dehydration contribution) and j = T À T DC and DT = DT DC in the third term (decarbonation contribution). The function defined by equation (4) is commonly used in Computational Fluid Dynamics because it ensures good numerical stability. 19 The values of T D1 and T D2 for the two materials determined using TGA at the heating rate of 10°C/min are given in Table 2 . Figure 1 (a) shows the obtained curves r m (T ) compared to the approximations given by equation (3). The approximations provide acceptable accuracy. The noticeable difference between the curves corresponding to the two different materials is believed to be a consequence of differences in the microstructures. It should be also noted that according to the results of TGA, both materials are already slightly dehydrated as the temperature exceeds the 100°C mark, which implies slow partial dehydration at T\100 8 C. Nevertheless, the amount of dehydrated phase at T = 100 8 C is very small, and it can be neglected.
With the exception of thermal conductivity, many properties of dehydrated plasterboard show negligible variations with increasing temperature until the end of decarbonation, 20 Contraction of dehydrating plasterboard can be also neglected. 20 However, within the dehydration temperature range, the variations of plasterboard properties have to be taken into account. It is assumed here that the values of porosity f m and permeability k m vary proportionally to the material density
As the relationship between material density and its effective porosity for many materials is close to linear, 21, 22 the choice of equation (5a) appears to be justified. In contrast, equation (5b) is an ad hoc assumption made due to lack of data for dehydrating plasterboard, as it is known that there is no one-to-one relationship between porosity and permeability applicable to all porous media (i.e. see Refs. 21 and 23). For T .T D2 , the values of f m and k m are very difficult to measure due to high brittleness of the material, and it is assumed hereafter that these values stay constant as temperature grows further. During dehydration, the value of thermal conductivity of plasterboard, k m , decreases continuously with temperature. 20 Here, the temperature dependence of k m at T <T D2 is approximated ad hoc analogously to the permeability
After dehydration, at T .T D2 , the thermal conductivity of plasterboard increases rapidly with temperature, 20 which could be a consequence of accumulating changes in microstructure leading to better contact between material grains. In this work, the thermal conductivity of plasterboard is measured using specimens of the size 50 3 50 cm and the guarded hot plate apparatus. 13 Before measurements, the specimens are exposed to temperatures 200°C, 350°C and 500°C for extended durations. However, the thermal conductivity measurements are carried out afterwards at room temperature, and for this reason, the obtained data are not affected by radiation heat transfer. Finally, linear interpolation and extrapolation are employed to define the relationship, k m (T ), in the temperature range T D2 \T\ 900°C (the highest temperature reached in plasterboard panels during the fire resistance tests reported in this work is 900°C). The obtained curves for k m (T ) are shown in Figure 1(b) .
The contribution of internal radiation in pores to the overall heat transfer in plasterboard is low. This can be easily established by estimating the ratio of the heat fluxes due to radiation and thermal conduction through the gas contained within a pore (vapour in our case), 4L R sT 3 =k v , where L R is the characteristic pore size. According to the earlier conducted measurements, 3 the average pore size of plasterboard is less than 1 mm. The maximum temperature reached in the plasterboard is 900°C, and the thermal conductivity of vapour at this temperature constitutes 0.07 W m 21 K 21 , so that the flux ratio is evaluated to be at most 0.005. Accordingly, the radiation heat transfer is neglected in this study.
For the two materials studied here, the values of heat absorbed during dehydration, l D , are nearly the same and equal to 464 kJ kg 21 . Note that this value is defined for 1 kg of intact, non-dehydrated plasterboard. It should be also taken into consideration that the value of l D , which is obtained using the Differential Scanning Calorimetry, includes the thermal energy of vapour generated by dehydration, and the amount of this energy is quite high. However, if convection of vapour in the material is modelled explicitly, one should not include the thermal energy of vapour leaving the material at its surfaces into the value of l D (see Ref. 3 for details). Let us denote the energy necessary to drive water molecules out of crystal structure of the material as l w D and the thermal energy of vapour that is lost to the surroundings as l v D . Then
Having the results of TGA and the value of l D , one can easily estimate the quantities l w D and l v D using the method proposed by Shepel et al. 3 In particular, the estimate of l w D is given as
where Dr m = r BD m À r AD m , H9 DT is the derivative of H DT (T ) with respect to T , and h v is the specific enthalpy of water vapour. The vapour enthalpy at atmospheric pressure grows linearly with temperature from 2676 kJ/kg at 100°C to 2875 kJ/kg at 200°C. 24 Substitution of equation (4) into equation (8) 
The obtained estimates for l w D and l v D are given in Table 2 .
Heat and mass transfer
The model of heat and mass transfer in plasterboard has been formulated and explained in detail in Ref. 3 . For this reason, only the main points of the model are given in this section. The major assumptions are the following:
1. The gas, liquid and solid phases are continuous. 2. Local thermodynamic equilibrium exists (temperature at a point in all three phases is equal). 3. Once condensed, water stays immobile. 4. Initially, pore space of the material is filled with vapour at atmospheric pressure. 5. Water vapour is an ideal gas. 6. The material does not contract due to dehydration.
During the initial stage of fire, some part of vapour flowing away from the dehydration zone towards the cold side of plasterboard condenses. Nevertheless, the results of simulations 3 indicate that the amount of condensate accumulating in pores is very low, which allows capillary effects to be neglected. The degree of water saturation is defined as s = volume of pore space occupied by liquid water volume of pore space ð9Þ
The relation between the vapour density, r v (x, t), and pressure, p v (x, t), is modelled using the ideal gas law: p v = r v RT=M v , where x is the space coordinate, t is time and R is the universal gas constant. In the absence of other gases, the mass flux of vapour is given by Darcy's approximation j v = À
rp v , where m v is the viscosity of vapour. For p v \1 MPa, the vapour viscosity m v (T ) is described well by the following correlation
where t = T Ã =T , T Ã = 647:226 K and m Ã v = 55:071 Á 10 À6 Pa Á s. 24 The conservation equations for vapour, condensed water and energy in plasterboard are written, respectively, as
where _ I D (x, t) is the production rate of vapour due to dehydration; _ Q D (x, t) is the heat sink due to heat absorption by dehydration; _ Q DC (x, t) is the heat sink due to decarbonation; _ I C (x, t) is the condensation rate and h m (T ), h w (T ) and h v (T ) are the enthalpy densities of the material, water and vapour. The enthalpies are defined, respectively, as
where T sat is the saturation temperature of vapour and l C is the latent heat of condensation. 25 Vapour-water mixture is modelled here as a single medium with the discontinuous jump in the enthalpy value equal to ½(c w p À c v p )T sat + l C at the saturation temperature. Note that mathematically this operation is equivalent to introduction of a source function to equation (11c) representing the contribution of condensation.
As the actual gas permeability, k g , differs from the intrinsic permeability, k m , due to reduction of permeation area caused by condensation, the effect of condensation on permeability is modelled using the common approach based on the notion of relative permeability k rel , which is a function of saturation 26 :
We employ the linear correlation of k rel (s) proposed by Bear 26
The vapour production rate _ I D (x, t) is equal to the gypsum dehydration rate with the opposite sign: _ I D = À ∂r m ∂t . Differentiation of the first term of equation (3) with respect to time gives
The sink term _ Q D (x, t) introduced in equation (11c) is defined as the amount of heat absorbed per 1 kg of the generated vapour, the production rate of which is given by equation (15) . On the other hand, the dehydration heat, l w D , is defined per 1 kg of the intact nondehydrated material. One kilogram of vapour is produced by dehydrating r BD m =Dr m (kg) of plasterboard. Hence
The plasterboard is split into two adjacent regions: (1) the vapour-only region with s(x, t) = 0 and (2) the saturation region where the liquid and vapour phases coexist, that is, s(x, t).0. The existence of this and other similar configurations in porous media has been confirmed experimentally by Udell. 27 In the vapour-only region, the vapour pressure is given by the ideal gas law, whereas in the saturation region the vapour pressure at each point must be equal to the local saturation pressure:
Consequently, the solution (p v , T , s) at each point is uniquely determined by solving equation (11) in the vapour-only region and equations (11) and (17) in the saturation region. Thus, equations (11) and (17) form the complete system of equations.
The curve p sat v (T ) can be approximated using the correlation p sat v = ae bT 28 (the constants a and b are given in Table 3 ). However, this expression needs some modification in our case owing to the assumption made at the outset that the pore space of plasterboard at t = 0 is filled with vapour instead of air. The necessary modification is implemented as
To avoid a cumbersome procedure of defining the fire-generated convective and radiative heat fluxes, equation (11c) is solved using the Dirichlet condition for temperature T j x = 0 = T (t) fs on the fire side. The curves T (t) fs are determined experimentally for each conducted fire test. As the convective flux of vapour is continuous across the plasterboard surface and evaporation on the cold side is negligible, the boundary condition on the cold side reduces to Àk m ∂T ∂x = h(T À T inf ) + es(T 4 À T 4 inf ), where T inf is the temperature of the surroundings and e is the surface emissivity. Equation (11a) is solved using the Dirichlet condition for pressure on both sides of plasterboard: pj x = 0 = p A and pj x = d m = p A .
Numerical scheme
Normally, the temperature distribution over the fire-exposed surface of tested plasterboards is close to uniform. For this reason, the system of equations (11) and (17) is solved here in a one-dimensional formulation. The plasterboard properties and other data necessary for numerical simulations are given in Tables 1 to 3 .
Equation (11) is discretised using the standard conservative Finite Volume Method with the second-order central stencil for the thermal diffusion term and first-order upwind stencil for the convective terms. The first-order implicit backwards Euler scheme is employed for differentiation in time. At t = 0, the plasterboard is assumed to be filled with vapour at atmospheric pressure and temperature of the surroundings, T inf . All simulations are carried out using a regular grid of size 0.24 mm (50 cells) and time step 0.5 s. For each fire scenario, the CPU time on Intel Core 2 Duo 1.8 GHz, 1 GB RAM computer constitutes just several minutes.
In the context of fire safety, temperature predictions of the model are of primary interest, and therefore, the main attention of this study is focused on heat transfer issues. As it has been already reported by Shepel et al., 3 the plasterboard covering, condensation of vapour in pores and its following revaporisation have negligible effect on the heat transfer through plasterboard panel, and for this reason, these aspects are not given attention herein.
Results and discussion
Overall, three fire tests are carried out corresponding to the three selected fire scenarios: Hydrocarbon, External and Standard (ISO 834-1). In each test, the output power of oil driven burners is adjusted using an automatic control system that supports the average temperature in the furnace according to the internationally accepted standards 9, 10 Hydrocarbon : T (t) = 1080(1 À 0:325e 0:167t À 0:675e À2:5t ) + 20
External : T (t) = 660(1 À 0:687e 0:32t À 0:313e À3:8t ) + 20
Standard(ISO834-1) : T (t) = 345 log 10 (8t + 1) + 20 ð19cÞ where t is the time in minutes and T is the furnace temperature in degree Celsius. Size of the furnace is 3 3 3 3 1.5 m. The heating rate of the furnace is controlled using eight plate thermocouples located next to the tested specimens. Each fire test run is carried out using two specimens (plasterboards 1 and 2) of the size 0.76 3 0.47 m installed vertically within a 3 3 3-m wall of insulating material. Every specimen is equipped with three to four sets of thermocouples located close to each other, with each set having three thermocouples: one thermocouple installed on the fire-exposed side, one on the cold side and one inside the material at 3 mm depth from the cold surface. Therefore, each point of the obtained temperature evolution curves is an average of three to four measurement readings. Figure 2 shows the temperature evolution curves T (t) fs on the fire-exposed side of the tested panels for the three fire scenarios. As one can see from the figure, the error bars are relatively large, and they are particularly large during the initial stage of Hydrocarbon fire. It should be also noted that in case of plasterboard 2, the error bars are smaller compared to those of plasterboard 1. We believe that the observed deviations from the average values result from (a) non-homogeneous changes of temperature in the furnace during the initial stage of fire (the first 5 min) and (b) possible separation of some thermocouples from the fire-exposed surface due to accumulated damages in the material such as contraction and cracks. Figures 3 and 4 show the obtained experimental and numerical temperature evolution curves on the cold side of the tested plasterboards and at 3 mm depth inside the material for the two materials and three fire scenarios. The length of error bars shown in the figures is equal to 2 s, where s is the mean square error. As the position accuracy of thermocouples installed inside the specimens is estimated to be 60.5 mm, Figures 3 and 4 show also the predicted temperature curves at 3.5 and 2.5 mm depths. These additional curves give margins of possible temperature variations. As one can see, the agreement between the experimental curves and numerical predictions is quite satisfactory. In particular, the model predicts successfully the development of the characteristic 'plateau' on temperature evolution curves on the cold side of plasterboard, where the plateau is understood as a part of the curve with retarded temperature growth in the range of 90°C-120°C.
Despite overall good agreement between the experimental data and numerical results, one can also notice from Figures 3 and 4 that the numerical model predicts somewhat slower Figure 2 . Temperature on the fire-exposed side of the tested plasterboard specimens.
temperature growth during the first 3-4 minutes of fire, until the temperature reaches approximately 100°C. This effect can be seen both on the cold side of plasterboard and inside the material. Besides, the temperature predicted on the cold side of plasterboard in case of Hydrocarbon fire begins to grow at about t = 11 min, that is, at the end of dehydration, noticeably faster than the measured temperature. We believe that the observed discrepancies are caused by the same reason: high heating rate of the material. The model of plasterboard employed here assumes that the values T D1 and T D2 determined using TGA at the heating rate of 10°C/min stay the same during dehydration. However, Figure 5 (a) shows that the measured heating rate of material (calculated as g = DT =Dt) in case of Hydrocarbon fire is sufficiently larger than 10°C/min at the beginning and at the end of dehydration: on the fire-exposed side of the plasterboard, the heating rate exceeds 120°C/min already after 1 min of fire exposure, and on the cold side, the heating rate begins to grow noticeably at t'9 min, and at time t = 12 min, its value reaches 40°C/min. It is known that at high heating rates, the dehydration reaction occurs at higher temperatures, and the temperature range of dehydration becomes larger. 16 Consequently, the numerical model used in this study overestimates somewhat the vapour release rate and simultaneously underestimates the vapour temperature during the initial and late stages of dehydration.
To illustrate the effects of the heating rate on numerical predictions, we use the empirical correlations developed by Borrachero et al. 17 for the temperature of maximum dehydration rate, T D , and the temperature range of dehydration T D = 16:53 ln (g) + 112:42 ð20Þ
where the heating rate of material, g, is given in degree Celsius per minute and T D in degree Celsius. For instance, for the heating rate of 60°C/min, one obtains the following estimates: T D = 180 8 C and T D2 À T D1 = 130 8 C. Figure 5(b) shows the obtained temperature predictions on the cold side of plasterboard 1 for the Hydrocarbon fire at the heating rates of 10 and 60°C/min. Comparing the two numerical curves with the experimental one, one notices similar effects as those observed in Figures 3 and 4 . In particular, the numerical solution assuming the smaller heating rate of material, g = 10°C/min, shows the slower temperature growth during the first 3 min of fire exposure and the faster temperature growth at the end of dehydration, at t = 11 min. This confirms the conclusion made previously that the changes in the heating rate of material play a large role in the heat transfer process at the beginning and at the end of dehydration reaction.
Conclusions
This article is concerned with assessing the capabilities of the heat and mass transfer model of plasterboard developed recently by Shepel et al. 3 The model is validated using data of three fire tests: Hydrocarbon, External and Standard ISO 834-1. The fire tests are carried out using two types of commercial plasterboard. Overall, the agreement between the numerical results and experimental data is found to be good. Some discrepancies observed during the early and late stages of the dehydration reaction are shown to be caused by the high Figure 5 . Plasterboard 1 in Hydrocarbon fire: (a) experimentally measured heating rates of material versus time and (b) influence of the heating rate of material on the numerical predictions. Here, x is the distance from the cold side.
local heating rate of the material during those stages. The heating rate of material affects the course of dehydration reaction, and it should be accounted for when developing new mathematical models of plasterboard.
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